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Abstract 

I present a new form of spontaneous CP violation in which, in analogy with 
the left-right-symmetric model, CP breaking results from the inequality of two 
real vacuum expectation values. In my model there is no scalar-pseudoscalar 
mixing, and the smallness of strong CP violation finds a natural explanation. 

There exist in the literature models of spontaneous P breaking and models of 
spontaneous CP breaking. Amazingly, the models of spontaneous P breaking are 
very different from the models of spontaneous CP breaking. The usual model of 
spontaneous P breaking is the left-right-symmetric model [Q. In it, the standard- 
model gauge group SU(2 )^ is duplicated with a new gauge group 811(2)^, which acts 
on the right-handed fermions. The idea is that there are right-handed charged weak 
interactions, but they are mediated by gauge bosons which are much heavier 
than the known W^. The basic models of spontaneous CP breaking [^, H are utterly 
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different. In them, no extra gauge group is introduced, and there are no extra weak 
interactions, CP-symmetric of the usual ones, mediated by heavy gauge bosons. 
Rather, spontaneous CP breaking hinges on a clash between different terms in the 
Higgs potential which are sensitive to the same vacuum phase. As a consequence, 
that vacuum phase does not vanish, generating CP violation. 

A typical feature of models of spontaneous CP violation is scalar-pseudoscalar 
mixing |Q. This consists in the existence of neutral spin-0 particles which simul¬ 
taneously have scalar Yukawa couplings (with unit matrix in Dirac space) and 
pseudoscalar Yukawa couplings (with *75 matrix in Dirac space) with the fermions. 
(Scalar-pseudoscalar mixing also has signatures in the gauge interactions and self¬ 
interactions of the neutral spin-0 particles |^.) This has a problematic consequence: 
the one-loop-level generation of electric dipole moments for the fermions 0 , which 
must be carefully controlled or tuned down. 

In this paper I suggest a different kind of model of spontaneous CP violation. In 
it, there are two different charged weak interactions which, in the limit of unbroken 
CP symmetry, have the same strength but are CP-inverted relative to each other. 
My model avoids scalar-pseudoscalar mixing and gives a rationale for the smallness 
of strong CP violation. A feature of the model, which however is avoidable by the 
introduction of an extra discrete symmetry, is the mixing of the usual left-handed 
fermions with new ones with different quantum numbers. From that mixing flavour¬ 
changing neutral currents arise. 

My model is inspired on a specihc left-right-symmetric model in which the 
usual scalar bi-doublet was eliminated in favour of singlet fermions. That model 
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also provided a solution for the strong-CP problem, and was later generalized P] to 
a family of models with similar features. 

The gauge group is SU( 2 )yi( 8 )SU( 2 )B( 8 )U(l). There is CP symmetry at the La- 
grangian level except for a soft CP-breaking term. CP symmetry eliminates the 
CP-violating term 6 /{ 327 r‘^)GG from the strong-interaction Lagrangian. CP sym¬ 
metry interchanges SU(2)yi with SU( 2 )b and inverts the sign of the hypercharge. 
The gauge coupling constants of SU( 2 )yi and of SU( 2 )b are equal as a consequence 
of CP; they are named g. The gauge coupling constant of U(l) is g'. There are two 
scalar doublets, 

0 A : (2,1)1/2 and 0s : (1, 2)1/2. (1) 

Their lower components have vacuum expectacion values va and vb, respectively. 
va and vb are real without loss of generality. The electric-charge generator is Q = 
T^a + T^b + Y. I dehne as usual the conjugate doublets 


: (2, l)-i/2 and 0s : (1, 2)-i/2. 


( 2 ) 


These doublets are written 

( 

•^A 


\ 


^va + (Ha + ixA)/V2 ^ 
^ VA + {Ha - ixA)/\/^ ^ 


V 


-^A 




Vb 


\ 


^vb + {Hb + iXB)/G^ I 


Vb + {Hb — ^Xb)/ ^ 


V 




/ 


( 3 ) 


The fields and (ps are Goldstone bosons, to be absorbed in the longitudinal 
components of and IPs, respectively, xa and xb are neutral Goldstone bosons. 
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There are two physical neutral scalars, which are orthogonal combinations of 
and Hb- 
Under CP 


0A (p*B 0^ —>■ 0^. 


The scalar potential is 


U = 




+Ai 


+ \ ^B 


+ A 2 U\(t)A 


( 4 ) 
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It is CP-symmetric except for the fact that fiA and ps are different, which constitutes 
a soft CP breaking. Soft CP breaking causes spontaneous CP breaking, embodied 
in the fact that va 7 ^ 

There are four charged gauge bosons, fU^, with mass {gvA)/\/2, and Wb, with 
mass {gvB)/V^- I shall assume that vb 3> va- Then, the Wa are identified with the 
known gauge bosons, while the mediate extra charged weak interactions. 

Instead of g and g' we may use the angle 0^, defined by 


= sin 6,„ = 


9 




a _ / 9^ + 9'“^ 

c- COS0^ \g^ + 2g'^^ 
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( 6 ) 


together with the electric-charge unit e = gsw The neutral gauge bosons of SU(2 )a, 

SU(2)b and U(l), named W^a, ^sb and B, respectively, may be rotated by means 
^If we want to avoid soft CP breaking, we may alternatively add to the theory a real CP-odd 

scalar singlet. Its vacuum expectation value breaks CP and induces va ^ vb - 
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of an orthogonal matrix, 



to obtain the photon A and two other gauge bosons Z and X, which however are 
not eigenstates of mass. The neutral gauge couplings are 



Ql ■ (2, 1 ) 1 / 6 , Pr ■ (1, 1 ) 2 / 3 , nR : (1, l)-i/3, 

II ■ (2, l)-i/2, gr : (1, l)_i, 

Ql ■ (1, 2 ) 1 / 6 , Pr ■ (1, 1 ) 2 / 3 , Nr : (1, l)-i/3, 

Ll ■ (1, 2)_i/2, Er : (1, l)_i. (10) 
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Here, 
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(11) 

Notice that the hypercharge assignments are the same as in the standard model. 
Also notice that the extra right-handed fermions have the same quantum numbers 
as the usual right-handed fermions. The CP transformation interchanges upper-case 
with lower-case helds; thus, 

CP Or^-w’^ CP or^Tr'^ CP or^-^T cp 
Pl tCPl , ul tCNl , Pr tCPr , ur tCNr , (12) 


and so on. The Yukawa interactions are 


— '^^a{Apr + A'Pr) 

—^L4>A{AeR + A'Er) 

—— Ql^b{^*Pr + ^'*Pr) 
-L2M^*Er + A'Yr) + H.C., (13) 


where T, T', A, A', A and A' are arbitrary complex Ug x Ug matrices in generation 
space {ug = 3 is the number of generations). Therefore, the quark mass terms are 


riL Nl 


Pl Pl 


vaT vaT' 
vbP* vbT* 

vaA vaA' 


\ 

( \ 


Rr 

/ 

K y 

\ 

( \ 


Pr 

/ 

V -Pn / 


+ H.C.. 


(14) 


The determinants of the quark mass matrices are real. Together with the assumption 
of CP invariance of the Lagrangian, this implies that strong CP violation is absent 
at tree level. 
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The bi-diagonalization of the mass matrices follows the usual lines. Let 



There are {2ng) quarks ul and {2ng) quarks di- The bi-diagonalization matrices, 
which have been written in a convenient block form, are (2ng) x {2ng) unitary. The 
matrices Xu, Yu, Xd and Yd and Ug x {2ng). The charged weak interactions of the 
quarks are given by 

■jflY {Wi^VA + H^Vb) dL. + H,c., (16) 

where Va = XlXd and Vb = Y^Yd are the generalized Cabibbo-Kobayashi-Maskawa 
(CKM) matrices. I dehne the {2ng) x {2ng) hermitian idempotent matrices 

Hu = XlXu = and Hd = XlXd = vIVa- (17) 


Then, VbV^ = Y^Yu = 1 — Hu and V^Vb = Y^Yd = 1 — Hd are hermitian and 
idempotent too. The neutral gauge interactions of the quarks are given by 







d. 


(18) 


where = (1 —75)/2. Denoting Md = diag(mrf, mg, nib, •••) the diagonal real matrix 
of the masses of the {2ng) down-type quarks, and similarly Mu = diag(m„, nic, nit, •••) 
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for the up-type quarks, the Yukawa interactions of the quarks are given by 


_ 

—— [diHdMddR + ulHuMuUr 

^ — Hd)MddR + ul{1 — Hu)MuUr 


+ H.C.. 


( 19 ) 


V2vb ^ 

We may now see that strong CP violation still vanishes at one-loop level. Indeed, 
at one-loop level the only diagrams which may generate complex mass terms for the 
quarks have in the loop either one of the two physical scalar particles, or one of the 
two neutral massive gauge bosons. Those diagrams are real except for the presence 
of the matrices Hd and Hu in the couplings. Even though they generate complex off- 
diagonal mass terms, the diagonal mass terms are still real, because of the hermiticity 
of Hd and Hu- As a consequence, the one-loop contribution to strong CP violation 
1^, which is argtr(SM“^) (S being the one-loop-level contribution to the quark 
mass matrix and M the diagonal quark mass matrix at tree level), vanishes. 

It is instructive to check that CP is indeed conserved when vr = v a- In that 
case, the quark mass matrices are of the form (see eq. 14) 


( \ 

M N 


N* M* 


( 20 ) 


M and N being complex Ug x Ug matrices. It is easy to demonstrate that a choice 

of the helds eigenstates of mass, including in particular a phase convention for 

those helds, exists such that the unitary diagonalizing matrices have Yd = and 

Yu = X*. For this choice of physical quark helds Vr = VX- On the other hand, when 

Vr = va the masses of the Wr and of the are equal.| It follows that, then, the 
^It must be stressed however that, if both M and N are non-zero matrices, the quarks will in 

principle all have different masses. This fact does not affect the reasoning. 









two charged weak interactions have the same strength but opposite CP-violating 
effects, which implies that altogether CP is conserved in those interactions. 

As for the neutral weak interactions, when vb = va the mass matrix of Z and 
X (see eq. 9) is such that one of its eigenstates couples to a real current while the 
other eigenstate couples to a current of the form 

uZY{‘2Hu - 1 )ul - dLl^{2Hd - l)dL. ( 21 ) 

Now, 2H^-l= XlX^ - YJV^ is an imaginary matrix because Yu = X*. Similarly, 
2Hd — 1 is an imaginary matrix. As a consequence, this neutral current is purely 
imaginary, which implies no CP violation. 

Finally, and in an analogous fashion, it can be shown that when vb = va one 
of the physical scalars has real Yukawa couplings while the other one has imagi¬ 
nary Yukawa couplings, which means that there is no CP violation in the Yukawa 
interactions either. 

We conclude that CP is indeed conserved when vb = va- 

Let us consider how large vb should be. All 2ng = 6 neutrinos are massless in 
this model; this is not a problem, because the three rji neutrinos have Q = T^a = 0, 
and therefore they do not contribute to the width of the except for the fact 
that contains a small admixture, of order v\/v'^, of X. All other extra fermions 
contribute to the width of the Z^ unless they are massive enough. For vb v a 
we expect the masses of the new fermions to be of order vb/va times the masses of 
the ordinary fermions. This would lead us to guess that vb/va should be no smaller 
than 10^, so that the heavy counterpart of the electron does not contribute to the 
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width. However, the masses of the heavy fermions are not really vb/va times the 
masses of the ordinary fermions, vb/va may easily be as low as 10^ or so. Even for 
such a low vb/va, the Wb would have a very high mass ~ 8 TeV, and the admixture 
of X in the would be ~ 10“^, and thus unobservably small. 

The main consequence of a hnite vb/va is fermion mixing. Indeed, for vb v a 
the bi-diagonalization matrices acquire an approximate block form; the Ug x Ug 
left blocks of Xd and Xu, and right blocks of Yd and Yu, become approximately 
unitary, while the Ug x Ug right blocks of Xd and Xu, and left blocks of Yd and 
Yu, get suppressed by va/vb- Thus, the CKM matrix Va has its 3 x 3 upper left- 
hand block approximately unitary, with its other 3x3 blocks suppressed by one 
or two powers of va/vb- Similarly, the 6x6 hermitian matrices Hu and Hd have 
their upper left-hand 3x3 blocks approximately equal to the unit matrix, and all 
other 3x3 blocks suppressed. This ensures that, for large vb/va, approximate 
unitarity of the CKM matrix is recovered and the Z^ interactions with the fermions 
are approximately diagonal as they should. For practical purposes, this model is 
analogous to a model which simultaneously has Ug vectorlike isossinglet down-type 
quarks and Hg vectorlike isossinglet up-type quarks, with the mixing between the 
normal quarks and the isossinglet quarks suppressed by va/vb- 

It must however be stressed that, if we want to totally evade the constraints on 
fermion mixing, we may simply provide the model with an extra Z 2 symmetry under 
which all new fermion fields change sign and all other fields remain invariant. This 
symmetry eliminates the Yukawa-coupling matrices T', A' and A', thus ensuring the 
absence of fermion mixing. A consequence of such a symmetry is that the masses 
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of the new fermions are then exactly proportional to the masses of the ordinary 
fermions, the proportionality factor being vb/va, which would then certainly have 
to be larger that 10®. My model would then be rather similar to the ones in ref. [§, 
except for the fact that CP symmetry is used here instead of P symmetry. 

With that extra Z 2 symmetry strong CP violation arises only at three-loop level 
0 and is irrelevantly small. On the other hand, without the Z 2 symmetry the 
matrices Hu and Hd have non-vanishing off-diagonal matrix elements, which allows 
for the generation of strong CP violation already at two-loop level. However, that 
two-loop-level strong CP violation will have a suppression {va/vbY [0 and, if we 
reasonably assume that vb/va should at least be ~ 10^, we conclude that this 
two-loop contribution to strong CP violation is inoffensive too. We may thus say 
that this model explains the smallness of strong CP violation by relating it to the 
observed absence of flavour-changing neutral currents and to the identity between 
the observed Z^ width and its standard-model prediction, which both point out to 
a large value of vb/va- 

In conclusion, I have presented a model in which CP is violated as the result of 
a spontaneous breaking of CP of a new type. My model shares with the left-right- 
symmetric model 0 the feature that, if the vacuum expectation value vb goes to 
inhnity, the theory becomes identical to the standard model and no trace of the 
spontaneous nature of CP breaking (in the left-right-symmetric model, of P break¬ 
ing) remains. My model solves the strong-CP problem by incorporating the idea 
0 that there must be some physics at higher energies which cancels the tree-level 
contribution to the 6 parameter. My model avoids the much expanded scalar sec- 
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tor, and in particular the uncomfortable phenomenon of scalar-pseudoscalar mixing, 
which are typical of the usual models of spontaneous CP breaking. 

I thank Walter Grimus for reading the manuscript and making useful criticisms. 
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